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To investigate chromium diﬀusion kinetics in ultramaﬁc cumulate minerals, we analyzed the Cr elemental and isotopic
compositions of olivine, orthopyroxene, and chromite from the Stillwater layered intrusion. Core-to-rim compositional pro-
ﬁles reveal that Cr elemental concentrations decrease from 60 to 20 ppm in olivine and from 5000–4600 to 2700–2400 ppm in
orthopyroxene. These zoned Cr distributions in olivine and orthopyroxene suggest that Cr was lost by diﬀusion into the melt.
Olivine and orthopyroxene have d53Cr values ranging from –0.09 to 0.25‰ and from –0.11 to 0.07‰, respectively, higher than
the values of coexisting chromite (–0.23 to –0.07‰). This isotopic disequilibrium can be explained by diﬀusion-driven kinetic
fractionation during cooling. The preferential diﬀusion of light Cr isotopes from silicate minerals to the melt resulted in iso-
topically heavier olivine and orthopyroxene, but the kinetic diﬀusion between chromite and melt negligibly aﬀected the iso-
topic compositions of chromite grains due to their high Cr concentrations. Modeling results based on the observed Cr
contents and isotopic compositions of silicate minerals constrain the cooling time of the Peridotite Zone in the Stillwater mag-
matic system to have been 10–100 kyr.
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Olivine and pyroxene are the most common silicate min-
erals in the lithospheric mantle (generally up to >90%),
commonly coexisting with chromite in maﬁc-ultramaﬁc
complexes such as layered intrusions and ophiolites, the
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volume diﬀusion in olivine (Ito and Ganguly, 2006;
Jollands et al., 2017), pyroxene (Ganguly et al., 2007),
and chromite (Suzuki et al., 2008; Posner et al., 2016) have
been well-documented. Cr diﬀusion kinetics can yield time-
scales of magmatic processes and can be used to determine
the closure temperatures of the 53Mn-53Cr radiogenic dat-
ing system (e.g., Ito and Ganguly, 2006; Ganguly et al.,
2007). However, the diﬀusive behavior of Cr between min-
eral and melt (mineral to melt or vice versa), the extent of
reequilibration, and isotopic fractionation during diﬀusion
are poorly documented. Indeed, both increasing and
decreasing core-to-rim Cr zonation patterns have been
observed in silicate minerals (Milman-Barris et al., 2008;
Foley et al., 2011; Prelevic´ et al., 2013; Bai et al., 2018).
The diﬀusion of Cr from melt to coexisting silicate minerals
is supported by observed concentration gradients in miner-
als (e.g., Drake et al., 1989; Ohtani et al., 1989), whereas the
opposite case is supported by silicate-melt Cr partition coef-
ﬁcients that decrease with decreasing temperature or pres-
sure (e.g., Herzberg and O’Hara, 2002).
Recently, high-precision Cr isotopic analytical tech-
niques have been developed using the double-spike method,
thermal ionization mass spectrometry (TIMS), and multi-
collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) (see review by Qin and Wang, 2017), reveal-
ing that signiﬁcant Cr isotopic fractionations occur during
high-temperature geological processes. Farkasˇ et al.
(2013) and Shen et al. (2015) ﬁrst observed that mantle-
derived chromite grains were isotopically heavier than the
average bulk silicate earth (BSE) and ultramaﬁc rocks, sug-
gesting a potential Cr isotopic fractionation during chro-
mite crystallization.Xia et al. (2017) reported signiﬁcant
Cr isotopic variations among globally distributed mantle
peridotite xenoliths and Hawaii basalts, implying that Cr
isotopes are fractionated during mantle partial melting
and metasomatism. Bonnand et al. (2016) observed consid-
erable Cr isotope fractionation in lunar basalts, which is
interpreted as a resulte of the crystallization of pyroxene
and spinel. Recently, Shen et al. (2018) revealed inter-
mineral equilibrium Cr isotope fractionations in mantle
xenoliths.
This study aims to determine the relative role of equilib-
rium and diﬀusion-driven fractionations in producing Cr
isotopic variations based on new data from ultramaﬁc
cumulates of the Stillwater Complex. Large layered maﬁc-
ultramaﬁc intrusions represent critical links in the diﬀeren-
tiation of basaltic magma derived by partial melting of the
mantle (Helz, 1995), and are expected to show undiﬀerenti-
ated stable isotopic compositions (e.g., Liu et al., 2014;
Chen et al., 2014, 2018). Compared to other maﬁc-
ultramaﬁc rock suites, the evolution and diﬀerentiation of
large layered intrusions are stratigraphically well deﬁned
(e.g., Maier et al., 2012; Charlier et al., 2015; Jenkins and
Mungall, 2018). Mineral compositional variations are well
documented; they are predominantly controlled by frac-
tional crystallization and are modiﬁed by reequilibration
with trapped liquids and subsolidus elemental diﬀusion
(Jackson, 1961; Roeder et al., 1979; McCallum, 1996).
Therefore, silicate minerals in layered intrusions are suit-able for studying diﬀusion-driven stable isotopic fractiona-
tions (e.g., Liu et al., 2014; Chen et al., 2014, 2018).
Here we present Cr elemental zoning proﬁles and iso-
topic compositions in silicate mineral separates (olivine
and orthopyroxene) from the Stillwater Complex, one of
the most representative large layered intrusions with
world-class chromium deposits (Hess and Smith, 1960;
Jackson, 1961; McCallum, 1996). We also analyzed the
Cr isotopic compositions of chromite separates to explore
the factors controlling inter-mineral Cr isotope fractiona-
tion. Finally, we use the elemental and isotopic variations
induced by Cr diﬀusion to constrain the cooling timescale
of the Peridotite Zone of the Stillwater Complex.
2. GEOLOGY OF THE STILLWATER COMPLEX
The Stillwater Complex is a steeply dipping sub-volcanic
intrusion that crops out on the northwestern margin of the
Wyoming Craton (McCallum, 1996), covering an area of
180 km2 (Fig. 1a). It intruded Archean metasedimentary
rocks (Labotka and Kath, 2001), and was overlain by Pale-
ozoic and Mesozoic sedimentary rocks (Fig. 1b). Zircon U-
Pb ages of the complex range from 2712.24 ± 0.63 (Basal
Series) to 2709.11 ± 0.56 Ma (Banded Series), indicating
persistent magma upwelling and emplacement (Wall et al.,
2018). The mineralogy, petrology, and geochemistry of
the Stillwater Complex are well documented and have been
abundantly reviewed (e.g., Hess and Smith, 1960; Jackson,
1961; McCallum, 1996). Three rock series have been
described from the bottom to the top of the complex
(Fig. 1c). (1) The Basal Series is an irregular sheet-like body
dominated by bronzitite with subordinate norite- and
sulﬁde-bearing assemblages and containing xenoliths of
cordierite-pyroxene hornfels. A sill/dike suite includes dis-
continuous sills and dikes of diabase, maﬁc norite, and
massive Fe-Ni-Cu sulﬁde that intruded metasedimentary
rocks beneath the complex (Page, 1979). (2) The Ultramaﬁc
Series is subdivided into the upper Bronzitite Zone and
lower Peridotite Zone. The Bronzitite Zone is a generally
uniform bronzitite with minor interstitial plagioclase and
augite. The Peridotite Zone is comprised of a cyclic succes-
sion of dunite to granular harzburgite to bronzitite
(Jackson, 1961). Chromite seams a few centimeters to
1 m thick occur in some of the cyclic units, dominating
most of the Cr resource of the Stillwater Complex, and
are commonly sandwiched between underlying cumulus
piles and overlying poikilitic harzburgites (Jackson, 1961;
Kaufmann et al., 2018). (3) The Banded Series comprises
cyclic inch-scale units of norite, gabbronorite, and/or
anorthosite, and is subdivided into the Lower, Middle,
and Upper subseries (Fig. 1c). Cumulus plagioclase is a
major constituent in this series (McCallum, 1996).
The Stillwater Complex hosts world-class reserves of
platinum-group elements and 80% of the Cr resources of
the United States. The main chromite seams, referred to
as A through K, are within the Ultramaﬁc Series, and the
representative deposits were mined in the Benbow area
and Mountain View, which are mainly restricted to the B
and G seams, respectively (e.g., Hess and Smith, 1960;
Jackson, 1961). Typical chromitites exhibit massive or
Fig. 1. (a) Location map of the Stillwater Complex in the northwestern part of the Wyoming Craton (gray) in southwestern Montana (USA).
Exposures of Precambrian basement are shown black. (b) Generalized geologic map of the Stillwater Complex, with major subdivisions and
adjacent rocks (after McCallum, 1996). Red stars show sampling locations within the Peridotite Zone discussed in this study. (c) Composite
stratigraphic column showing the lithologic series and zones of the Stillwater Complex (after McCallum, 1996).
Fig. 2. Plane- (a) and cross-polarized optical images (b–f) of sample thin sections: (a) massive chromitite, (b) anti-nodular chromitite, (c)
poikilitic harzburgite, and (d–f) silicate cumulates containing sparse chromite. Abbreviations: olivine (Ol), orthopyroxene (Opx), chromite
(Chr).
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ized by high proportions (>80 vol%) of coarse-grained
granular chromite with interstitial silicate minerals(<20 vol%) (Fig. 2a). Anti-nodular chromitites are charac-
terized by poikilitic orthopyroxene outlining the boundaries
of cumulus olivine grains (Fig. 2b), and a smaller fraction
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within the orthopyroxenes (Jackson, 1961). The massive
and anti-nodular chromitites grade to disseminated chromi-
tite with decreased chromite proportions of 10–30 vol%.
Subsequently, the proportion of chromite further decreases
from the uppermost part of the chromitites into the hanging
poikilitic harzburgite (Fig. 2c), which marks the transition
between chromitites and silicate cumulates with poikilitic
textures similar to the chromitites but chromite contents
(1–10 vol%) similar to the silicate cumulates. The contact
between poikilitic harzburgite and the overlying granular
harzburgite is marked by an abrupt change from poikilitic
to equigranular orthopyroxene textures (Fig. 2d), and the
contact between them is commonly irregular, forming local
intersections. Centimeter-scale layering in the granular
harzburgite alternates between olivine- or orthopyroxene-
rich layers, forming the diﬀerent types of silicate cumulates
found in the Peridotite Zone (Fig. 2e,f).
Chromite grains in massive and anti-nodular chromitites
have the greatest MgO (10.1–12.7 wt%) and Cr2O3 contents
(42.4–48.6 wt%) and the lowest Al2O3 (16.2–20.5 wt%) and
FeO contents (21.1–27.3 wt%). Conversely, chromite grains
in silicate-dominated cumulates have the greatest Al2O3
(17.7–22.6 wt%) and FeO contents (22.1–40.0 wt%) and
the lowest MgO (6.93–10.2 wt%) and Cr2O3 contents
(35.7–46.8 wt%) (Campbell and Murck, 1993). The most
magnesian olivine (Fo87.8–89.9) and orthopyroxene
(Mg#88.2–90.0) occur in massive and anti-nodular chromi-
tites, whereas more Fe-rich olivine (Fo82.8–86.4) and
orthopyroxene (Mg#84.6–86.8) occur in the silicate-
dominated cumulates (e.g., Jackson, 1961; Raedeke and
McCallum, 1984; McCallum, 1996). The high Mg# of sili-
cates in the massive and anti-nodular chromitites have been
suggested to result from signiﬁcant elemental diﬀusion
between the silicate minerals and chromite, with Mg diﬀus-
ing from chromite to silicate minerals and Fe diﬀusing from
silicate minerals to chromite (Jackson, 1961; Roeder et al.,
1979). As the eﬀect of elemental diﬀusion depends on the
modal mineral abundances of the rock (Xiao et al., 2016;
Bai et al., 2017, 2018), chromites in silicate cumulates and
silicate minerals in massive and anti-nodular chromitites
are expected to have been the most aﬀected.
3. SAMPLES AND ANALYTICAL METHODS
Samples analyzed in this study were collected from the
Peridotite Zone of the Ultramaﬁc Series. Fourteen samples,
including poikilitic harzburgites and diﬀerent types of
chromitites, were collected from the cyclic chromitite units
of seams B and G in the Benbow area and Mountain View,
and seven samples, including dunite, granular harzburgite,
and bronzitite, were collected from the un-mineralized low-
ermost cyclic unit in the Gish area (Fig. 1b).
3.1. Chromium elemental analysis
Selected samples were prepared as 30-lm-thick polished
and carbon coated thin sections. The major element compo-
sitions of chromite, orthopyroxene, and olivine, as well as
Cr2O3 proﬁles in chromite and orthopyroxene, were deter-mined by wavelength-dispersive spectrometry (WDS) using
a JEOL JXA8100 electron probe at the State Key Labora-
tory of Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China.
Analyses were performed with an accelerating voltage of
15 kV, 12nA beam current, 5 lm beam spot size, 10–30 s
dwell time, and 11 mm working distance. A LIFH crystal
was used for Cr, Mn, Fe, and Ni analyses, a PETJ crystal
for K, Ca, and Ti, and a TAP crystal for Na, Mg, Al,
and Si. Standards used were albite for Na, diopside for
Si, Ca, and Mg, hematite and synthetic Cr2O3 for Cr, syn-
thetic TiO2 for Ti, orthoclase for K, synthetic Al2O3 for Al,
synthetic MnO for Mn, and synthetic NiO for Ni. K(a)
lines were selected for analysis, and detection limits were
within 0.008–0.02 wt% (1r). Concentration proﬁles were
obtained at 10–15 lm increments. Matrix eﬀects were cor-
rected by a program based on the ZAF procedure.
The bulk Cr concentrations and core-to-rim Cr concen-
tration proﬁles of olivines were determined via laser abla-
tion ICP-MS (LA-ICP-MS) using a 193 nm Coherent
COMPex Pro ArF Excimer laser coupled to an Agilent
7500 ICP-MS at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, China. Prior to anal-
ysis, thin sections were treated with 3% HNO3 followed by
de-ionized water and ethylene to remove the carbon coat-
ing. We used an approach similar to that of Wu et al.
(2018), and isotopes were measured in peak-jumping mode
with a repetition rate of 6 Hz. To correct for time-
dependent data drift, standards were analyzed after every
eight sample analyses. We used 53Cr to determine Cr con-
tents. Spectral interferences for 53Cr are mainly from
plasma and atmospheric gases (e.g., Ar, O2, H2); thus, each
analysis was followed by a 20-s gas-blank measurement and
these interferences were eﬀectively corrected by gas-blank
subtraction. Because of the relatively low abundance of
Cr in olivine, we used a relative large laser diameter of
80 lm to achieve a suﬃciently intense 53Cr signal. The laser
energy density was 5 J/cm2. Helium was used as the
ablation gas to improve the transport eﬃciency of the
ablated aerosols. National Institute of Standards and Tech-
nology (NIST) reference materials NIST610 and NIST612
(GeoReM: http://georem.mpch-mainz.gwdg.de/) were used
as external standards to produce calibration curves. Cali-
bration was performed using NIST612 as an external stan-
dard, and the Mg contents of olivine served as internal
standards. Oﬀ-line data processing was performed using
GLITTER 4.0 (Griﬃn, 2008). The accuracies of Cr and
other trace element contents were better than 5% (1 RSD)
with a precision of 10%.
The average Cr concentrations of orthopyroxene and
olivine and the Cr2O3 contents of chromite in each sample,
are reported in Table 1, and the other major element com-
positions of these minerals and compositional proﬁles are
provided in the Electronic Annex.
3.2. Chromium isotopic analysis
Cumulate rocks were crushed to 250–400 lm and fresh
mineral grains were handpicked under a binocular micro-
scope. We followed the dissolution procedure described in
Table 1
Chromium concentration and isotopic compositions of mineral separates in rocks from the Stillwater Complex.
Location Samples Lithology Cr (ppm) Standard deviation d53Cr (‰) 2r Cr (ppm) Standard deviation d53Cr (‰) 2r Cr2O3 (wt%) d
53Cr (‰) 2r
Olivine Orthopyroxene Chromite
Lowermost layer 16SW-3-4 Dunite 23 3.70 0.14 0.05 4239 413 0.00 0.05 44.87 0.20 0.05
Lowermost layer 16SW-3-3 Dunite 28 4.30 0.26 0.05 3604 225 0.03 0.05 45.38 0.18 0.05
Lowermost layer 16SW-3-2 Dunite 36 3.80 0.16 0.05 2844 226 0.01 0.05 44.52 0.19 0.05
Lowermost layer 16SW-3-9 Granular harzburgite 32 10.7 0.25 0.05 3272 319 0.06 0.05 45.82 0.17 0.05
Lowermost layer 16SW-3-5 Granular harzburgite 31 9.20 0.07 0.05 3084 246 0.01 0.05 44.47 0.16 0.05
Lowermost layer 16SW-3-11 Granular harzburgite 39 4.60 0.09 0.05 3267 397 0.11 0.04 44.23 0.14 0.05
Lowermost layer 16SW-3-6 Bronzitite 3824 479 0.11 0.04
G chromitite 16SW-1-15 Poikilitic harzburgite 34 2.70 0.04 0.05 4211 212 0.07 0.07 39.62 0.18 0.05
G chromitite 16SW-1-9 Disseminated chromitite 24 3.50 0.14 0.05 2778 333 42.44 0.14 0.05
G chromitite 16SW-1-27 Disseminated chromitite 18 4.90 0.03 0.05 4119 247 43.38 0.07 0.05
G chromitite 16SW-1-8 Anti-nodular chromitite 29 3.90 0.13 0.05 3050 518 45.13 0.13 0.05
G chromitite 16SW-1-26 Anti-nodular chromitite 27 5.10 0.07 0.05 3460 384 44.84 0.08 0.05
B chromitite 16SW-2-21 Disseminated chromitite 36.78 0.23 0.05
B chromitite 16SW-2-12 Disseminated chromitite 45.69 0.11 0.05
B chromitite 16SW-2-4 Disseminated chromitite 40.46 0.16 0.05
B chromitite 16SW-2-17 Disseminated chromitite 43.94 0.20 0.05
B chromitite 16SW-2-8 Disseminated chromitite 46.47 0.15 0.05
B chromitite 16SW-2-14 Anti-nodular chromitite 47.11 0.14 0.05
B chromitite 16SW-2-13 Massive chromitite 43.12 0.18 0.05
B chromitite 16SW-2-15 Massive chromitite 47.78 0.15 0.05


























Fig. 3. Variations of Cr content in olivine and orthopyroxene, and
Cr2O3 content in chromite. Gray symbols with dashed lines
represent the corresponding Fo composition of olivine and Mg#
[100  Mg2+/(Mg2+ + Fe2+)] of orthopyroxene and chromite (see
Table S1).
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vine and orthopyroxene separates were dissolved overnight
in capped Savillex beakers by a mixture of HF, HCl, and
HNO3 at 130 C on a hot plate in a laminar ﬂow exhaust
hood. Chromite separates were ground to a very ﬁne pow-
der and dissolved in concentrated 3:1 HF-HNO3 in a micro-
wave oven at increasing temperatures of 180, 210, 220, and
225 C at half hour intervals. After complete digestion, the
Cr concentrations of the sample solutions were analyzed by
ICP-MS to ensure that sample aliquots containing 1 lg Cr
could be prepared and mixed with a 1 ml 50Cr-54Cr double
spike (50Cr and 54Cr concentrations of 2.716 and
1.742 nmol/g, respectively). The detailed double spike pro-
cedure was reported in Han et al. (2012). The sample-spike
mixture was dried completely, mixed with 0.2 ml 6 N HCl,
and heated at 130 C for 2–3 h before chromatographic sep-
aration by a two-step cation exchange chromatography
procedure (Qin et al., 2010) using Bio-Rad 200–400 mesh
AG50-X8 resin in both columns. Procedural blanks were
generally less than 3 ng, which was negligible in all cases.
Chromium isotopic analyses of mineral separates were
performed using a Thermo-Fisher Neptune Plus MC-ICP-
MS at the CAS Key Laboratory of Crust-mantle Materials
and Environments, University of Science and Technology
of China, Hefei. The medium- to high-resolution modes
were used during analyses of chromium isotopes
(5500 < DM/M < 11,000, Bonnand et al., 2016) to resolve
polyatomic interferences, and the desolvator was operated
with only Ar gas (i.e., without the addition of N2) to min-
imize polyatomic interferences from 40Ar14N+ and
40Ar16O+. During each analytical session, the spiked inter-
nal standard (SCP) was analyzed after every four to ﬁve
sample analyses to ensure instrumental stability. Most sam-
ples were analyzed two or more times during a single ana-
lytical session. The reported uncertainties for individual
sample analyses are conservatively deﬁned as the largest
of the 2SD uncertainties of replicate sample measurements,
the 2SD uncertainties of replicate standard measurements
in the same session, or the long-term reproducibility of
the peridotite standard JP-1. Chromium isotopic data are
expressed relative to NIST standard reference material
(SRM) 979 as d53Cr [‰] = [(53Cr/52Cr)sample/(
53Cr/52-
Cr)SRM 979  1]  1000. The spiked NIST SRM 3112a
was analyzed at the beginning of each session; we obtained
an average d53Cr value of 0.09 ± 0.03‰ (n = 9, 2SD),
consistent with the value of 0.07 ± 0.05‰ reported by
Schoenberg et al. (2008). The average Cr isotopic composi-
tion of peridotite standard JP-1 (0.11 ± 0.03‰, n = 9)
was also in agreement with published values (0.13
± 0.02‰; Bonnand et al., 2016).
4. RESULTS
4.1. Elemental Cr concentrations
Average olivine Cr concentrations per sample range
from 18 to 39 ppm (Table 1), and olivine grains from sili-
cate cumulates commonly have lower Cr contents than
those from chromitites (Fig. 3). Average orthopyroxene
Cr concentrations per sample are higher than those of oli-vine, ranging from 2778 to 4239 ppm (Table 1), and are
not distinguishable based on lithology (Fig. 3). Systematic
Cr content variations were observed in proﬁles traversing
silicate minerals. Olivine Cr contents are highest in their
cores (60 ppm) and decrease to 20 ppm near their rims
(Fig. 4a, b). The Cr concentrations of orthopyroxene grains
similarly decrease by up to a factor of two from their cores
(4970 and 4620 ppm in samples 16SW-3-3 and 16SW-3-5,
respectively) toward their grain boundaries (2690 and
2440 ppm, respectively; Fig. 4b). Average chromite Cr2O3
contents per sample vary markedly from 36.8 to 47.8 wt%
(Table 1), with the highest values observed in massive
chromitites and the lowest in silicate cumulates (Fig. 3),
consistent with previous studies (e.g., Campbell and
Murck, 1993). Chromite Cr2O3 concentration proﬁles are
homogenous in each sample, with variations commonly less
than 1 wt% (Table S2).
4.2. Cr isotopes
The d53Cr values of chromites in the diﬀerent rock suites
and layers are extremely restricted, ranging from 0.07 to
0.23‰ (Table 1), similar to spinel from other maﬁc-
ultramaﬁc rock suites and mantle xenoliths (Fig. 5;
Farkasˇ et al., 2013; Xia et al., 2017; Shen et al., 2018;
Chen et al., 2019). This is in agreement with the restricted
d53Cr values (0.12 ± 0.10‰) reported for igneous rocks
from various tectonic settings and with varying chemical
parameters (Schoenberg et al., 2008). In addition, chromite
d53Cr values are roughly consistent with the whole-rock val-
ues, as observed for ophiolites (Farkasˇ et al., 2013; Shen
Fig. 4. Core-to-rim chromium concentration proﬁles in olivine extended to traverse adjacent orthopyroxene in (a) sample 16SW-1-8 (anti-
nodular chromitite), (b) sample 16SW-1-26 (anti-nodular chromitite), (c) sample 16SW-3-3 (dunite), and (d) sample 16SW-3-3 (granular
harzburgite).
Fig. 5. Chromium isotopic compositions of olivine, orthopyroxene, and chromite in the Stillwater Complex (far right panel) compared to
published terrestrial mineral and whole-rock data (central panels) and extraterrestrial whole-rock data (far left panel). Circles represent
olivine, squares represent orthopyroxene, and diamonds represent chromite. Silicate mineral d53Cr values are from Xia et al. (2017), Shen et al.
(2018), Chen et al. (2019) and , and d53Cr values of chromite in other maﬁc-ultramaﬁc intrusions and ophiolites are from, Chen et al. (2019),
Farkasˇ et al. (2013) and Shen et al. (2015). Terrestrial and extraterrestrial whole-rock d53Cr values are fromMoynier et al. (2011), Farkasˇ et al.
(2013), Bonnand et al. (2016), and Schoenberg et al. (2008, 2016). The range of BSE values is from Schoenberg et al. (2008). Reported errors
are 2SE.
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of ultramaﬁc/maﬁc intrusions (Farkasˇ et al., 2013), and
meteorites (e.g., Moynier et al., 2011; Schiller et al., 2014,
Schoenberg et al., 2016).
In contrast to chromite, olivine and orthopyroxene
d53Cr values show variations from 0.09 to 0.25‰ and
0.11 to 0.07‰, respectively (Fig. 5). Olivine grains have
higher and more variable d53Cr values than orthopyroxene,
and almost all silicate minerals in the Stillwater Complex
have higher d53Cr values than chromite. These characteris-
tics are opposite the inter-mineral equilibrium fractiona-tions observed in mantle xenoliths, for which
d53CrSpl > d
53CrOpx > d
53CrOl (Xia et al., 2017; Shen et al.,
2018).
5. DISCUSSION
Chromium isotopic variations in olivine, orthopyroxene,
and chromite may result from either equilibrium fractiona-
tion or diﬀusion-driven kinetic fractionation. In this sec-
tion, we ﬁrst discuss the mechanism governing the
observed Cr isotopic variations in these minerals during
174 Y. Bai et al. /Geochimica et Cosmochimica Acta 263 (2019) 167–181magmatic processes. Then, we explore potential petrologic
applications.
5.1. Equilibrium chromium isotopic fractionation
The restricted range of chromite d53Cr values in our
results (0.23 to 0.07‰) overlaps the narrow range
reported for the BSE (d53Cr = 0.22 to 0.02‰;
Schoenberg et al., 2008). However, we note chromite Cr
isotopic variations in our data, speciﬁcally those from the
B and G chromite seams (Fig. 6a, b). Chemical exchanges
play an important role in modifying isotopic compositions
(e.g., for Fe and Mg isotopes; see Teng et al., 2011; Chen
et al., 2018), but the d53Cr values of chromite grains are
expected to be insensitive to chemical exchanges due to
the huge Cr concentrations in chromite relative to other
phases (e.g., Drake et al., 1989; Ohtani et al., 1989). Chro-
mites are thus expected to maintain their original Cr iso-
topic compositions during cooling.
Some Cr isotopic variations in chromite may be induced
by magmatic diﬀerentiation, as observed in ophiolitic sam-
ples (Chen et al., 2019) and terrestrial and lunar basalts
(Bonnand et al., 2016; Xia et al., 2017). During diﬀerentia-
tion, heavy Cr isotopes are preferentially partitioned into
chromite and light ones into the residual melt (Farkasˇ
et al., 2013; Shen et al., 2015, 2018; Xia et al., 2017). The
range of Cr isotopic compositions observed in chromites
of this study (Fig. 6a, b) could have been induced by abun-
dant chromite crystallization in the B and G chromite
seams. Indeed, massive chromitite crystallization at the
base of every cyclic chromitite unit (Raedeke and
McCallum, 1984; McCallum, 1996) could have enriched
the residual melt in light Cr isotopes. Chromite grains that
subsequently crystallized from the residual melt (i.e., in
anti-nodular and disseminated chromitites and silicate
cumulates) would naturally have lighter Cr isotopic compo-
sitions. The d53Cr values of chromite, especially in the B
and G chromite seams, correlate negatively with indices
of magmatic diﬀerentiation, such as chromite Mg#
(Fig. 6a) and TiO2 content (Fig. 6b) (e.g., Barnes and
Roeder, 2001; Bai et al., 2017). This provides further evi-
dence that the observed Cr isotopic variations could haveFig. 6. Chromite Cr isotopic compositions compared to magma diﬀeren
Dashed lines represent the trend of magma diﬀerentiation. (c) The calcula
crystallization of chromite. The horizontal axis represents the chromite pr
(Table S4). F is the fraction of Cr in the residual melt relative to that in th
Shen et al. (2018). The range of BSE values is from Schoenberg et al. (2been induced by chromite fractionation during magmatic
diﬀerentiation.
The massive chromitites formed at the base of each cyc-
lic sequence have the closest Cr isotopic compositions to the
BSE value (Fig. 6c). Interestingly, a few anti-nodular and
disseminated chromitites are isotopically heavier than the
massive chromitites (Fig. 6c), although, as discussed above,
they should be isotopically lighter with d53Cr values
between those of the massive chromitites and the residual
melt. This is hard to reconcile in a closed magmatic system,
and contamination by isotopically heavy Si-rich sedimen-
tary rocks might have produced the elevated d53Cr values
in those chromitites (e.g., Qin and Wang, 2017). The resid-
ual melt from which the anti-nodular and disseminated
chromitites formed had a lower Cr content than the primi-
tive melt that produced the massive chromitites. Therefore,
the Cr isotopic composition of the Cr-poor residual melt
would have been more easily inﬂuenced by such sedimen-
tary rocks, such that anti-nodular and disseminated
chromitites that formed later would be isotopically heavier
than massive chromitites that had formed earlier in the
sequence. The Cr isotopic compositions of chromites thus
show that the injected primitive melt and assimilation of
the surrounding rocks are two factors responsible for the
formation of the isotopically distinct chromitites in the
Stillwater Complex. This conclusion is supported by the
presence of crust-derived inclusions in those lithologies
(Spandler et al., 2005) and results from chemical modeling
of the parent magma of the Peridotite Zone (Jenkins and
Mungall, 2018).
5.2. Diﬀusion-driven kinetic chromium isotopic fractionation
Theoretical predictions (Moynier et al., 2011; Farkasˇ
et al., 2013; Shen et al., 2015, 2018) and data from mantle
xenoliths (Fig. 5; Xia et al., 2017) show that mineral-
speciﬁc Cr isotopic compositions attained by equilibrium
inter-mineral Cr isotopic fractionation should follow the
general order d53CrSpl > d
53CrOpx > d
53CrOl. Inter-mineral
fractionation factors are also controlled by temperature
and oxygen fugacity (Shen et al., 2018), which aﬀect the
charge and coordination environment of Cr (e.g.,tiation trends: (a) chromite Mg# and (b) chromite TiO2 content.
ted trend of the Cr isotopic evolution of the melt during fractional
oportion in diﬀerent samples, which are calculated by mass balance
e primary melt. The isotopic evolution of the melt is calculated from
008).
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ever, we observed the reverse order of d53CrOl  d53-
CrOpx > d
53CrChr (Fig. 5), and mineral pairs plot far from
the equilibrium inter-mineral isotopic fractionation lines
deﬁned for mantle xenoliths by Xia et al. (2017) and Shen
et al. (2018) (Fig. 7), indicating disequilibrium fractionation
in our samples.
Signiﬁcant disequilibrium isotopic fractionations have
been observed during magmatic processes in a variety of
environments for elements including Li, Fe, and Mg (e.g.,
Teng et al., 2011; Oeser et al., 2015; Collinet et al., 2017).
Light isotopes diﬀuse faster than heavy ones during elemen-
tal diﬀusion (Richter et al., 2009), therefore subsolidus Cr
diﬀusion should also result in disequilibrium isotopic frac-
tionation via Soret (e.g., Richter et al., 2009; Huang
et al., 2010) or chemical diﬀusion (e.g., Richter et al.,
2009; Teng et al., 2011). Soret diﬀusion could produce large
Cr isotopic fractionations, with heavy Cr isotopes preferen-
tially diﬀusing down the thermal gradient. However, Soret
diﬀusion cannot be responsible for the heavy Cr isotopic
compositions observed here in silicate minerals because
thermal diﬀusivity (Lesher and Walker, 1986) is dozens of
orders of magnitude faster than that of elemental Cr in min-
erals (Ganguly et al., 2007; Posner et al., 2016; Jollands
et al., 2017). It is thus reasonable to assume that no measur-
able or long-lasting temperature gradient can occur at the
grain scale. Hence, it is more likely that the kinetic mecha-
nisms of Cr diﬀusion derive from chemical diﬀusion.
Chemical diﬀusion during crystal growth is often
induced by the concentration gradients caused by the
changing composition of the equilibrium melt, as typically
inferred from elemental zonings in mineral (Preb et al.,
1986; Bai et al., 2018; Guotana et al., 2018). Isotopic evi-
dence of Cr chemical diﬀusion has also been reported dur-
ing mantle processes in which Cr diﬀuses from high-Cr melt
to adjacent peridotites (Xia et al., 2017), imprinting light Cr
isotopic signatures into the rock-forming minerals (Fig. 7).
This is most obviously observed in olivine grains with d53Cr
values (and Cr concentrations) lower than those of spinel
(Fig. 7a) and orthopyroxene (Fig. 7b). However, Cr diﬀu-
sion from melt to silicate minerals could cause lighter CrFig. 7. Inter-mineral Cr isotopic fractionations between (a) olivine and ch
equilibrium fractionation lines deﬁned from mineral pairs in mantle xenisotopic compositions in the silicate minerals (Fig. 5) and
decreasing Cr contents from their cores to rims (Fig. 4).
Alternatively, chemical diﬀusion can occur due to the ele-
mental disequilibrium induced by variable physicochemical
states. The compatibility of Cr in olivine and orthopyrox-
ene are commonly inconstant (e.g., DOpx/melt
Cr = 0.55–2.2, DOl/melt Cr = 0.45–1.3; Kennedy et al.,
1993). Speciﬁcally, the solubility of Cr in silicate minerals
decreases with decreasing temperature (Papike et al.,
2005; Jollands et al., 2017), and Cr should diﬀuse from
silicate minerals to the melt during cooling. Grain-boundary
diﬀusion is also an order of magnitude faster than volume
diﬀusion, and both occur in minerals (Freer, 1981; Ganguly,
2002). Accordingly, silicate minerals in our samples show
decreasing core-to-rim Cr proﬁles (Fig. 3) and have heavy
Cr isotopic compositions that plot away from the equilibrium
fractionation line (Fig. 7).
Inter-mineral Cr isotopic fractionation factors
(D53CrA-B = d
53CrA – d
53CrB, where A and B are two min-
eral phases) were estimated by Shen et al. (2018). Overall,
our samples show disequilibrium isotopic fractionations
(Fig. 8). Chromite-olivine pairs in silicate cumulates tend
to have larger fractionation factors than those in chromi-
tites (Fig. 8a). This may be attributed to migration of the
interstitial melt. Chromitites generally form by the rapid
sorting (sinking) and accumulation of chromite, and eﬃ-
cient compaction of the earliest accumulated chromitites
will cause the upward migration of any interstitial melt
(Raedeke and McCallum, 1984; Boudreau, 2016). Conse-
quently, silicate minerals in chromitites are likely less
aﬀected by Cr diﬀusion in the interstitial melt
(Manoochehri and Schmidt, 2014; Jenkins and Mungall,
2018). On the other hand, if the interstitial melt maintains
elemental exchange with the parental magma of the silicate
cumulates overlying the chromitites, the prolonged
exchange between the two melts would generate larger frac-
tionations between minerals of the two lithologies. The sole
exception in our data is sample 16SW-3-11, which is located
close to the chilled margin of the Basal Series and thus
cooled rapidly without undergoing protracted diﬀusion.
This sample thus preserves relatively primary Cr isotopicromite and (b) olivine and orthopyroxene. Solid lines represent the
oliths (Xia et al., 2017; Shen et al., 2018).
Fig. 8. Calculated (a) olivine-chromite, (b) orthopyroxene-chromite, and (c) olivine-orthopyroxene inter-mineral equilibrium Cr isotopic
fractionation factors as a function of temperature in the Stillwater Complex, compared with samples from Shen et al. (2018) and Chen et al.
(2019). The gray ﬁeld denotes isotopic fractionations arising from equilibrium processes (Shen et al., 2018).
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factor (Fig. 8).
The characteristic d53CrOl > d
53CrOpx values between
olivine and granular orthopyroxene may be due to the
low Cr contents of olivine, which could have been signiﬁ-
cantly aﬀected by extrinsic heavy Cr isotopes. Orthopyrox-
enes in the poikilitic harzburgite sample 16SW-1-15 have Cr
isotopic compositions similar to those of olivine from the
same sample. This is expected because the poikilitic
orthopyroxene formed from the reaction between olivine
and trapped melt (Jackson, 1961; Barnes, 1986). Poikilitic
orthopyroxenes thereby inherited the Cr isotopic composi-
tions of their precedent olivines, i.e., heavier d53Cr values
than granular orthopyroxenes.
5.3. Constraints on the cooling time of the Stillwater
Complex
Li, Fe, and Mg elemental and isotopic zonings induced
by inter-mineral disequilibrium are widely observed in
intrusive rocks (e.g., Chen et al., 2014; Xiao et al., 2016),
volcanic rocks (e.g., Teng et al., 2011), and meteorites
(e.g., Collinet et al., 2017), but only constrain cooling histo-
ries over short time scales, such as for volcanic rocks and
meteorites (Teng et al., 2011; Collinet et al., 2017). For
magmatic processes with longer cooling periods, for
instance in intrusive rocks, few of the aforementioned ele-
ments are zoned, although their isotopic compositions can
show evidence of inter-mineral diﬀusion (Xiao et al.,
2016). Zoning patterns of low-valence elements are gener-
ally homogenized by rapid diﬀusion during prolonged sub-
solidus processes (Yang and Seccombe, 1993). In contrast,
some high-valence elements, such as Ti and Si, are not re-
equilibrated due to their extremely low diﬀusivities
(Suzuki et al., 2008).
Chromium diﬀuses slower than Fe, Mg, and Li, but fas-
ter than Ti and Si in silicate minerals (e.g., Ito and Ganguly,
2006; Ganguly et al., 2007; Posner et al., 2016), and mag-
matic minerals thus commonly present Cr zoning patterns.
Indeed, Cr diﬀusion proﬁles in olivine, orthopyroxene, and
spinel have been used to calculate the cooling rates of mete-
orites (e.g., Lugmair and Shukolyukov, 1998; Ito and
Ganguly, 2006). Here, we similarly use Cr diﬀusion proﬁlesto constrain the cooling history of the Peridotite Zone in
the Stillwater magma body.
We developed a simple diﬀusion model for olivine and
orthopyroxene using Mathematica. We use the one-
dimensional diﬀusion equation of Richter et al. (1999,
2003), which is a function of the Cr concentration (C) in oli-
vine or orthopyroxene, the position (r) along the proﬁle,
and time (t):
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Elemental Cr diﬀusion coeﬃcients (D) in olivine and
orthopyroxene are well known to follow an Arrhenius
behavior, and become exponentially smaller with decreas-
ing temperature (Ito and Ganguly, 2006; Ganguly et al.,
2007), expressed as:
D ¼ D0 exp E=RTð Þ
where D0 is the diﬀusion constant, E the activation energy,
R the gas constant, and T the temperature (K). In addition,
Cr diﬀusion in olivine and orthopyroxene is anisotropic.
Here we assume that Cr diﬀusion parallel to diﬀerent crys-
tallographic axes has diﬀerent activation energies, and that
D0 is also strongly dependent on the crystallographic axis.
Accordingly, we selected average data for E and D0 parallel
to the a- and c-axes to represent their activation energies
and diﬀusion constants in olivine (Ito and Ganguly, 2006)
and orthopyroxene (Ganguly et al., 2007).
The closure temperature (Tc) is deﬁned as the tempera-
ture at which diﬀusion eﬀectively ceases during cooling
(Dodson, 1973). Ito and Ganguly (2006) and Ganguly
et al. (2007) demonstrated that Tc for Cr in olivine and
orthopyroxene is a function of the initial temperature
(T0), grain size, and cooling rate according to the formula-
tion of Ganguly and Tirone (1999):
E
RT c
¼ ln  A
0RT 2cD0
E dT=dtð Þ@T ca2
 !
where (dT/dt)Tc is the cooling rate at Tc and a is the radius
of olivine grains, set to 500, 1000, and 2000 mm for our sam-
ples. The function A0 can be expressed as A0 ¼ Aexp gð Þ,
where A is a geometric factor given by A = e G (Dodson,
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and 2.15821 for plane sheets. The term g, which is referred
to as a ‘‘memory function”, is a function of a dimensionless
parameter, M, given by Dodson (1973) as:
M ¼ RD T 0ð Þ
Ega2
where g is a cooling time constant with units K1 t1. The
values of g for speciﬁc values ofM are tabulated in Ganguly
and Tirone (1999, 2001). In the above equation, D(T0) is the
diﬀusion coeﬃcient at the peak (initial) temperature, which







The thermal models developed by Hess (1972) for the
Stillwater Complex assumed a T0 value around 1200 C.
Melting experiments performed on samples from the Still-
water Complex showed that olivine was the ﬁrst phase in
the crystallization sequence, with a liquidus temperature
of 1200 C (Helz, 1995). This temperature is further sup-
ported by the presence of RuS2 in the Peridotite Zone,
which is stable at or below approximately 1200 C
(Talkington and Lipin, 1986). Thus, we set T0 in our model
to 1200 C. This assumes that the Stillwater magma was
injected as a single sill at 1200 C into basement rocks at
300 C, and that the magma cooled below its solidus (e.g.,
Selkin et al., 2000). Most mineral grains are assumed to
have crystallized from the melt and settled into cumulate
piles at this initial cooling temperature. We use the cooling
rate at any temperature, T0, instead of that at Tc to obtain
curves for Tc vs. cooling rate for speciﬁc values of T0 and a
(Fig. 9).
We calculate the diﬀusion coeﬃcients of 52Cr and 53Cr
using a modiﬁed version of Graham’s low for molten oxides





 bFig. 9. Closure temperature (Tc) of Cr diﬀusion in olivine and orthopyro
grain size. The cooling trends for T0 = 1100 and 900 C in olivine and o
(2007).where D1 and D2 are the diﬀusivities and M1 and M2 the
masses of the two analyzed Cr isotopes. b is the isotopic
fractionation factor, which remains to be determined for
Cr diﬀusion in olivine and orthopyroxene; we set it to
0.16, similar to the latest empirical results for Fe isotopes
(Sio et al., 2018). This value can be used to describe diﬀu-
sion along all major crystallographic axes.
The initial Cr concentration C0 is variable in our sam-
ples, and we varied its value from 60 to 20 ppm in olivine
and from 6000 to 3000 ppm in orthopyroxene. The calcu-
lated closure temperatures (Tc = 790 C for olivine and
760 C for orthopyroxene) for grains of radius
a = 1000 mm were adopted in the diﬀusion model. Thus,
we obtain the Cr concentrations and isotopic compositions
at any position along the grain radius and at diﬀerent cool-
ing times using the temperature-dependent Cr diﬀusion
constants; the average concentrations and isotopic compo-
sitions are obtained by integration over the grain radius.
We explored various cooling times, which yielded diﬀerent
average Cr concentrations and isotopic compositions, and
the various initial Cr concentrations in the minerals pro-
duced diﬀerent trend lines depending on the cooling time
(Fig. 10). We plotted all our analytical data to compare
with these model results, and we ﬁnd that most of our sam-
ples are conﬁned to within the trend lines of 10 to 100 kyr
cooling times.
5.4. Petrogenetic applications
Hess (1972) conducted the earliest study on the cooling
history of the Stillwater Complex. They calculated the rate
of heat loss from the magma using likely values of thermal
diﬀusion and depth of burial, and estimated the cooling rate
of the 2 km-thick rock unit to be about 1 C/kyr. The cool-
ing history of the Stillwater Complex was then commonly
calculated based on Fe-Mg elemental exchange. Cooling
rates of 1–50 C/Myr were obtained using intercrystalline
Fe-Mg exchange between pyroxenes (Domeneghetti et al.,
2001; McCallum et al., 2006). However, this value has a
large uncertainty and is much slower than the computedxene as a function of the initial temperature (T0), cooling rate, and
rthopyroxene are from Ito and Ganguly (2006) and Ganguly et al.
Fig. 10. Modeled Cr contents and isotopic compositions in olivine and orthopyroxene as a function of cooling time. The Cr concentration
and isotopic proﬁles were obtained using the Mathematica diﬀusion model developed in the text, and average Cr concentrations and isotopic
compositions are calculated by integration over the grain radius. Dashed horizontal lines represent the calculated evolution of Cr contents and
isotopic compositions, and the solid lines represent cooling times for diﬀerent initial Cr concentrations. Model results are compared to the
observed Cr concentrations and isotopic compositions of olivine and orthopyroxene, which restrict the cooling times to 10–100 kyr. The BSE
value is from Schoenberg et al. (2008).
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McCallum et al., 2006). The Stillwater Complex was
exposed to a low-grade (greenschist facies) metamorphic
event at 1.7 Ga. Heating associated with this metamorphic
event may have induced intracrystalline redistribution of Fe
and Mg, and it is likely that such slow cooling rates reﬂect
this late low-temperature heating event. Micron-scale oscil-
latory zonings in plagioclase were also used to determine
the cooling rate of the Stillwater Complex based on
CaAl-NaSi diﬀusion in plagioclase feldspar (Grove et al.,
1984), and their results showed that cooling from 1200 to
1000 C required around 100 kyr. Recently, Selkin et al.
(2006) used a 1-D ﬁnite diﬀerence conductive cooling model
based on an analytic half-space model to estimate the cool-
ing history of the Stillwater Complex. Their results for sites
at the top of the Stillwater Complex, where the heat should
have been conductively consumed by the surrounding rocks
(Coogan et al., 2002), suggest that it may take as little as
20 kyr to cool from 1200 to 580 C. However, for sites at
the bottom of the complex (e.g., the Peridotite Zone) where
diﬀusive cooling dominates, their results suggest that the
minimum closure temperature would have been reached
about 1 Myr later than at sites near the top of the pluton.
According to our model, the Peridotite Zone of the Still-
water Complex more likely cooled within 10–100 kyr. This
result is consistent with the convective cooling time which
obtained from the top of the layered intrusion (Selkin
et al., 2006). This rapid cooling rate may provide evidence
that convective cooling was active during cooling of the
Peridotite Zone, a mechanism that increases cooling rates
by nearly an order of magnitude compared to diﬀusive
cooling (Coogan et al., 2002). Our results thus suggest that
the intrusion was not constructed in a strictly sequential
stratigraphic order from the base (oldest) to the top (young-
est), in agreement with Wall et al. (2018). The parental
magma of the Peridotite Zone may have been injected
directly into a cooled, crystallized sill. This emplacementmechanism would have enabled rapid convective thermal
dissipation (Scoon and Costin, 2018).
6. CONCLUSIONS
This paper reports the ﬁrst systematic attempt at explor-
ing the diﬀusion-driven chromium isotopic fractionations in
minerals of ultramaﬁc cumulates based on elemental and
isotopic evidence from the Stillwater Complex. Our major
conclusion are as follows:
(1) Chromite grains from the Stillwater Complex have
d53Cr values ranging from 0.07 to 0.23‰. Evolv-
ing chromite Cr isotopic compositions may be a geo-
chemical indicator of magmatic diﬀerentiation. We
suggest that magma replenishment and wall rock
contamination contributed to the formation of
chromitites.
(2) The d53Cr values of olivine and orthopyroxene from
the Stillwater Complex show large variations from
0.09 to 0.25‰ and from 0.11 to 0.07‰, respec-
tively, suggesting disequilibrium inter-mineral iso-
topic fractionations induced by Cr diﬀusion from
the crystals to the melt.
(3) The observed Cr elemental zonings and isotopic com-
positions in our samples suggest that the Peridotite
Zone of the Stillwater magma cooled to the Cr diﬀu-
sive closure temperature within 10 to 100 kyr. Chro-
mium elemental and isotopic analyses are thus useful
in constraining the cooling times of persistent magma
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